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We analyze the dependence of electron spin relaxation time on optical pumping intensity in a
partially compensated acceptor semiconductor GaAs:Mn using analytic solutions for the kinetic
equations of the charge carrier concentrations. Our results are applied to previous experimental
data of spin-relaxation time vs. excitation power for magnetic concentrations of approximately
1017 cm3. The agreement of our analytic solutions with the experimental data supports the
mechanism of the earlier-reported atypically long electron-spin relaxation time in the magnetic
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874218]
semiconductor. V

I. INTRODUCTION

During the last three decades, there has been increasing
interest in experimental and theoretical studies in the field of
spintronics.1–3 A major challenge in spintronics is the optimization of electron-spin lifetime. A lower bound for the
required electron-spin lifetime is given by spin-polarized carrier transport across characteristic length scales such as the
conducting channel in transistor-type architectures. The success of engineering spintronics depends on a deeper understanding of fundamental spin interactions in solid-state
materials.4 Dilute magnetic semiconductors (DMS) have been
intensively studied since 1980s.5,6 The current renaissance of
interest in magnetic semiconductors is due to their various
functionalities relevant to spintronic devices.7 DMS demonstrate a number of spin-dependent optical and transport properties caused by large, spontaneous spin splitting of electronic
bands. These relatively strong effects of exchange interaction
are not readily available in magnetically undoped semiconducting materials.
Long spin relaxation times for electrons on the order of
100 ns are typically observed in n-type GaAs.8–10 In p-type
GaAs, electron spin relaxation time is usually less than 1 ns.
Astakhov et al.11 reported that p-type GaAs with enhanced
spin relaxation time by two orders of magnitude can be realized by doping with manganese acceptor concentration on
the order of 1017 cm3 . The ferromagnetism of GaAs:Mn is
very sensitive to the growth conditions as well as postgrowth processing of the sample.12 The concentration of
shallow donor and shallow acceptor impurities is an important parameter influencing the spin relaxation time.
Specifically, the concentration of shallow donor impurities
needs to be larger than the concentration of shallow acceptor
impurities to ensure ionized (negatively charged) Mn impurity states. The electron-spin flip rate is inversely proportional to the square of the concentration of photoexcited
holes on manganese because the spins of the photoexcited
holes couple antiferromagnetically to the spins of Mn ions.
This antiferromagnetic coupling reduces the effective
0021-8979/2014/115(16)/163909/4/$30.00

magnetic field, which is detrimental to spin relaxation time
through scattering via precession of the electron spins in the
conduction band. Reduction of the precession frequency
through reduction of the effective magnetic field increases
the electron spin relaxation time.11
II. DEPENDENCE OF SPIN RELAXATION TIME ON
CONCENTRATION OF PHOTOEXCITED HOLES

In this article, we calculate the dependence of the concentration of photoexcited holes, q, on manganese as a function of optical pumping power using a rate-equation
approach. The results have been adapted to allow for a comparison with experimental data of spin-relaxation time, ss ,
vs. excitation power, P. The spin-relaxation time has been
measured in the partially compensated acceptor semiconductor of GaAs:Mn with the magnetic concentration of approximately 1017 cm3 . The theoretical q vs P dependence can be
mapped onto a ss vs. P dependence motivated by the fact
that the concentration of photoexcited holes determines the
effective magnetic field, Bef f , produced by the spins of the
manganese ions. According to Dyakonov and Perel,13,14 the
2
2
inverse spin-relaxation time is given by s1
s ¼ 3 hxf isc ,
where xf is the frequency of the electron-spin precession in
the effective fluctuating magnetic field, Bef f , and sc is the
characteristic time of this local field fluctuation where
Bef f / xf , and sc is virtually independent of the pumping
power. The main detrimental impact on spin lifetime results
from the presence of Bef f . The mechanism which reduces
Bef f , and therefore increases ss , is the formation of antiferromagnetically coupled spins of ionized Mn atoms with the
spin of the photoexcited holes. It is thus reasonable to
assume that Bef f decreases with increasing number, q, of
photoexcited holes. We employ the simplest empirical
B f ð0Þ
, which is consistent with a decrease
ansatz, Bef f ðqÞ ¼ befqþ1
of Bef f for increasing q and an asymptotic approach Bef f ! 0
in the limit of large q. This ansatz allows us to map q vs P
onto ss vs. P, via an analytic fitting function which we apply
to fit the experimental ss vs. P data.
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FIG. 1. (a) Energy diagram of GaAs:Mn with a manganese concentration of
7:8  1017 cm3 at T ¼ 8 K. Circles with minus (plus) sign represent electrons (holes). (b) Energy diagram of electrons and holes in GaAs:Mn under
the influence continuous optical excitation. Arrow 1 shows the transition of
an electron from the donor level to the Mn level. Arrow 2 shows the transition of a hole from the valence band to the Mn level.

J. Appl. Phys. 115, 163909 (2014)

FIG. 2. Experimental dependence of electron spin relaxation time, ss , vs. excitation power, P, for the p-type GaAs:Mn (circles), and best fit of Eq. (12)
(line).

III. RATE EQUATIONS: PHOTOEXCITED HOLE
CONCENTRATION VERSUS EXCITATION POWER

The dependence of electron spin relaxation time, ss , on
excitation power, P, at a temperature of 8 K presented in Fig.
3 of Ref. 11 demonstrates that ss increases with an increase of
P, and tends to saturate for P > 10 mW. The electronic spin
relaxation in GaAs:Mn was studied using the Hanle effect
under optical pumping conditions.13 In the p-type GaAs:Mn
with a manganese concentration of 7:83  1017 cm3 , the donor concentration Nd is larger than the shallow acceptor concentration Na , Nd  Na ¼ 14:90  1015 cm3 , which causes a
total ionization of shallow acceptor atoms and a partial ionization of manganese at a temperature of 8 K near the ground
state (Fig. 1(a)). Under the influence of circularly polarized
light provided by a titanium-sapphire laser operating at
800 nm, the photoexcited electrons in the conductivity band
are captured by the trap of the donor impurities, and then
recombine with manganese holes generating charge centers of
manganese11 (arrow 1 Fig. 1(b)). Thus, in addition to the
applied external magnetic field, the electrons and holes experience an effective magnetic field from the manganese ions.
This produces a Zeeman splitting. If the holes from the valence band fill the ionized acceptors of manganese (arrow 2
Fig. 2(b)), the hole spins will couple antiferromagnetically
with the manganese spins. The effective magnetic fields generated by the manganese ions, therefore, will be compensated
and will not significantly impact the electron spin relaxation.
The electron-spin relaxation time will be prolonged with
increasing concentration of photoexcited holes on manganese
2
according to ss / 1=x2f / ð1 þ bqÞ2 =Bef f ð0Þ . To verify this
mechanism, we calculated the dependence of the concentration of photoexcited holes on manganese vs. excitation power,
map it onto ss ðPÞ, and compare the analytic result with the experimental data of electron spin relaxation time vs. excitation
power.
The system of kinetic equations for the hole concentration, p, in the valence band and electron concentration, n, in
the conduction band in the p-type GaAs:Mn can be written
as

p_ ¼ G  WpnMn  Rx pn and
n_ ¼ G  RM pMn n  Rx pn;

(1)

where G is the rate at which the charge carriers are generated
under circularly polarized optical pumping, W is the rate at
which hole recombination occurs from the valence band to
manganese levels, Rx is the band-to-band recombination
rate, RM is the rate at which electron recombination occurs
from the conduction band to manganese levels, and nMn and
pMn are the concentrations of electrons and holes on manganese levels, respectively. In the system (1), the concentrations of electrons and holes on the levels of shallow
impurities were neglected since NMn  Nd  Na .
The concentration of electrons in the conduction band
can be expressed via the sum of the hole concentration in the
valence band and the photoexcited holes, q, generated on
manganese levels. It reads n ¼ p þ q. The number of electrons on manganese, nMn , can be written as nMn ¼ d  q,
where d is the concentration of the ionized manganese
atoms. The hole concentration on manganese, then, is
pMn ¼ N  nMn ¼ N  d þ q, where N is the total concentration of manganese atoms. The system of Eqs. (1) can be written as
p_ ¼ G  Wpðd  qÞ  Rx pðp þ qÞ and
n_ ¼ G  RM ðN  d þ qÞðp þ qÞ  Rx pðp þ qÞ:

(2)

Taking into account that N  d  q, we solved the system
(2) in a steady state
RM N ð p þ qÞ  Wpðd  qÞ ¼ 0:
Therefore,
p¼

RMn Nq
W ð d  qÞ  RM N

(3)

or
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q¼
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pðWd  RM NÞ
:
RM N þ Wp

(4)

The value q can be placed in the expression for n_ of (2). In
the steady-state conditions, this expression will be
Rx Wp2 ðd þ pÞ þ RM NWpðd þ pÞ  Gð RM N þ WpÞ ¼ 0:
(5)
The resulting expression can be written as
 2 

 

p
p
p
3 p
2
þ RM Nd W
1þ
1þ
Rx Wd
d
d
d
d
!
 
p
 G RM N þ Wd
¼ 0:
d

G
ð RM N þ WdyÞ ¼ 0:
d
(6)

Expression (6) can be modified as follows:


G RM N
2
þ y ¼ 0;
Rx dy ð1 þ yÞ þ RM Nyð1 þ yÞ 
d Wd
which yields
G Rx dy2 ð1 þ yÞ þ RM Nyð1 þ yÞ
:
¼
RM N
d
þy
Wd
We divide (7) by RM N


G
Rx dWdy2 ð1 þ yÞ Wdyð1 þ yÞ
¼
þ
dRM N
RM NRM N
RM N

(7)

1
:
Wdy
1þ
RM N

a
Let dRGM N ¼ g; RRMx ¼ A; RWM ¼ C; and Nd ¼ NNd N
: Then
Mn

g¼

ACF2 y2 ð1 þ yÞ þ CFyð1 þ yÞ
;
1 þ CFy

(8)

a
where F ¼ NNd N
¼ 1:9  102 for the p-type GaAs:Mn.
Mn
The value g characterizes the excitation power of the
p-type GaAs:Mn under circularly polarized excitation provided by a titanium-sapphire laser.
Next, we divided expression (4) by d


RM N
1
q p
Wd 
¼ 
:
d d
RM N p
þ
Wd
d

CF1Þ
; where z is the function of filling
Let qd ¼ z; then z ¼ y ð1þCFy
of manganese ions with the valence band holes. The concentration of the photoexcited holes on manganese is

q ¼ dy

ðCF  1Þ
:
1 þ CFy

The rate equations above provide Eqs. (8) and (9) which
relate q(y) and g(y) through the parameter y. Eliminating the
parameter y provides the explicit q ¼ q(g) dependence.
Substitution of q ¼ q(g) into ss ðqÞ yields the function
ss ¼ ss ðgÞ, which allows for comparison with the experimental data. Next, we complete those steps in detail.
In order to obtain a simple analytic function, ss ðgÞ, we
approximate Eq. (8) into
g¼

If pd ¼ y, then
Rx dWdy2 ð1 þ yÞ þ RM NdWyð1 þ yÞ 

IV. COMPARISON OF EXPERIMENTAL WITH
THEORETICAL RESULTS

(9)

yð1 þ yÞ
;
g1 þ y

(10)

1
where g1 :¼ CF
is a parameter characterizing the relation
between the frequency of electron recombination from the
conduction band to manganese levels and the frequency of
hole recombination from the valence band to manganese levels. Fy  1 has been used utilizing the fact that F is of the
order of 1/100 for the p-type GaAs:Mn. Solving Eq. (9) with
g1
: Substituting y(q) into Eq.
respect to y yields y ¼ q dð1g
1 Þq
(10) and solving for q yields

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d
(11)
q¼
1 þ g  1 þ gð2g1 þ g  2Þ :
2

With Eq. (11), we selected the root of the quadratic equation,
which guarantees that the concentration of photoexcited
holes in the absence of excitation power is zero q(g ¼ 0) ¼ 0.
Note that in the limit of very large excitation power, this solution also guarantees that the concentration of photoexcited
holes levels off at the equipartition value qðg ! 1Þ ! d2.
We substitute q(g) from Eq. (11) into ss ¼ ss ð0Þ
ð1 þ bqÞ2 and obtain
0
0sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
s
ð1Þ
s
 1A
ss ¼ ss ð0Þ @1 þ @
ss ð0Þ
12

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(12)
 1 þ g  1 þ gð2g1 þ g  2Þ A :

Equation (12) becomes the final fitting function when introducing the scale-factor k according to g ¼ kP to fit the experimental relaxation times vs. excitation power P. ss ð1Þ and
ss ð0Þ are the relaxation times in the limit of very large and
small excitation power. Extrapolating them from the experimental data shown in Fig. 2 (circles) yields ss ð1Þ  149:1
ns, ss ð0Þ  12:4 ns and allows us to fit the data with just two
free-fitting parameters g1 and k. Fig. 2 (line) shows the result
of the best fit, which determines the fit parameters to
g1 ¼ 0:9360:015 and k ¼ 0:38 60:03 1/mW. Our simple
approach is capable of capturing the essentials of the ss vs. P
dependence. Any remaining minor derivations of the fit from
the data are reasonable when considering the approximations
involved, most notably the potential excitation power dependence of sc , which has been neglected for simplicity.
The agreement between the experimental ss ðPÞ and
the fit of Eq. (12) demonstrates that the increase of the
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electron-spin relaxation time is indeed related to the concentration of photoexcited holes on manganese under the increase
of the excitation power. This confirms that the reduction of
effective field fluctuations increases the spin lifetime. The
electron spin relaxation time in the p-type GaAs:Mn is prolonged under the filling of the manganese ions with the valence band holes.
The maximum value of experimental electron spin
relaxation time reaches approximately 150 ns instead of
160 ns, as was stated by the authors in Ref. 11. We extracted
this data from their experimental logarithmic plot of electron
spin relaxation time vs. excitation power. The exact value of
maximum electron spin relaxation time is 149.06 ns.
V. CONCLUSION

We used a rate-equation approach to study the electron
spin relaxation time on optical pumping intensity in a partially compensated acceptor semiconductor GaAs:Mn.
Assuming a relationship between the concentration of photoexcited holes and the spin relaxation time, we discovered
significant agreement between the theoretical dependence of
the concentration of photoexcited holes on the excitation
power and the experimental dependence of the electron spin

J. Appl. Phys. 115, 163909 (2014)

relaxation time on the excitation power. Our investigation
confirms that antiferromagnetic coupling between the spins
of the photoexcited holes and the spins of Mn ions gives rise
to an atypically long electron spin relaxation time in the
p-type GaAs:Mn with a manganese concentration of
7:83  1017 cm3 , reaching approximately 150 ns.
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